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Abstract 

One way to ease the adoption of low-GHG solutions in transport is to help fleet operators and 

policy makers understand the GHG emissions of their road network by presenting the energy 

consumption of the traffic on a map. This paper presents a tool that integrates multiple models 

to evaluate energy consumption of road freight vehicles and displays the results on a road map. 

The input of the model are the properties of the different vehicles that compose the local freight 

vehicles and the road network. Using these inputs and a predictive controller that mimic the 

driver’s behavior, the speed profile of these vehicles can be modelled. The energy consumption 

associated with these vehicles is then calculated and mapped. The output of the program is a 

geolocated dataset of the energy density consumed by trucks of each analyzed road segment. 

The tool-structure modularity enables the change of the underlying hypothesis and analyze 

specific parameters of vehicle physics. The tool can be used as a platform for simulation and 

optimization of route planning taking into account the energy consumption. 
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1. Introduction 

Transport is one of the main Green-House-Gas (GHG) emission contributors (International 

Transport Forum, 2010). In most developed countries, like Canada, decarbonizing this sector is 

challenging as road freight has been growing each year for the past 25 years(ECCC, 2020). 

Many solutions are being developed to reduce trucking-industry emissions whether it is to 

increase the efficiency of the vehicles or to change to low-emission energy sources (Ainalis et 

al., 2020). However, it is important to plan the implementation of these solutions to maximize 

their benefits and ensure their fast adoption. 

 

Presenting on a map the amount of energy used by heavy vehicles on main trucking routes can 

help to identify which roads have the highest consumption and develop solutions optimized for 

the network. For example, the Ministry of Transportation of Quebec (Canada), in collaboration 

with our research team, will be using this tool in a research project assessing the impact of 

pavement surfaces on the rolling resistance and their effect on energy consumption for the 

specific conditions of different motorways.  

 

Another benefit of mapping vehicle energy consumption of the road network is that it quantifies 

the amount of energy used by most of the traffic. Consequently, it can be used to estimate the 

electric power needed to electrify road vehicles (Ainalis et al., 2020). Different adoption 

scenarios can be evaluated and presented on a dynamic map. As it is mapped, it can also help 

policy makers to understand and evaluate different decarbonization scenarios. In other words, 

mapping the roads-network consumption can clarify some challenges of low-GHG emissions 

strategies for road vehicles and ease their implementation.  

 

This paper presents a tool called the MapEUR (Map of Energy Use on Road) that integrates 

multiple models to evaluate energy consumption of trucks and displays the results on a road 

map. The inputs of the model are the properties of the road network and the different heavy 

vehicles travelling on it. Using these inputs, the speed profile of these vehicles is estimated 

from which the energy consumption can be calculated. The output of the model is a geolocated 

dataset of the energy consumption of each analyzed road segment scenario. A case study of a 

project commissioned by the MTQ (Ministry of Transportation of Quebec, Canada) of the effect 

of weather on truck fuel consumption is presented in the paper to showcase how the MapEUR 

can be used by policy makers. 

2. Research Approach 

The MapEUR approximates the vehicle energy consumption by estimating the traction force 

required to travel a specific road segment at a given speed. The traction force is integrated over 

the travel distance to provide the net energy required by the vehicle to travel this distance. The 

real amount of energy used can be computed by adding the engine efficiency of the vehicles. 

The MapEUR is designed to estimate the energy consumption of the traffic rather than a single 

vehicle and is primarily intended for highways and motorway simulations. The vehicle 

modelling is simplified by using a constant efficiency value for a specific vehicle and load. Fuel 

(energy) consumption comparisons of different speed highway duty cycles were made with the 

software Advisor (T. Markel, et al. 2005) which computes fuel consumption by modelling an 

engine map and gear changes. The maximum difference between the MapEUR and Advisor 

fuel-consumption calculations was 3.4%.  
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Figure 1 –Free body diagram of a vehicle; Fg is the gravity, Fr is the rolling resistance, Ft 

the traction force and Fa is the aerodynamic resistance. 

 

Figure 1 presents the forces considered to estimate the traction force. The rolling-resistance 

force, Fr, depends on the tire, the vehicle weight and speed, road material composition, the 

International Roughness Index (IRI) and the pavement temperature. The rolling resistance 

model is detailed at section 2.3.  

 

The aerodynamic drag force, Fa, depends on the vehicle’s shape, its drag coefficient, its relative 

speed to the wind, and the air density. The wind speed, direction, and weather data can be 

downloaded from the Canadian Weather Energy and Engineering (CWEEDS, 2021), which 

includes 10-year data for 564 weather stations. This means that each road segment can be 

associated with the nearest station and the simulation can use weather data that statistically 

represent the location and the simulated moment of the year. The change of air density due to 

altitude is also considered in the simulation.  

 

The drag coefficient also depends on the shape of the vehicle. Consequently, each combination 

of trucks and trailers has an impact on the drag coefficient. Even the gap between the trailer and 

the truck generates a variation of the drag coefficient (Mosaddeghi & Oveisi, 2015). The only 

way to include all these possible combinations is to define different archetypes of trucks and 

trailers and used them in the model. The usage of equipment to reduce the drag coefficient of 

trucks is also to be considered in the different vehicles archetypes (Chowdhury et al., 2013). 

Hence, the MapEUR could be used to assess the global impact of these equipment through 

various scenarios. 

 

The MapEUR is mainly used to calculate the energy consumption on highways and motorways 

where the speed stays close to the speed limit which is between 90 and 105 km/h in Canada. 

Consequently, the drag coefficient variations due to speed are negligeable (Pevitt et al., 2012). 

Therefore, the drag coefficient used in the model is independent of the vehicle speed.  

 

The gravitational force, Fg, depends on the road gradient, Δ, and the vehicle mass, m. The centre 

of gravity shifts during braking is not considered because the focus of the model is the highway 

where acceleration and deceleration are less important outside of rush hours. 
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2.1 Inputs Parameters of the Model 

The forces acting on road vehicles depend on input variables related to three elements: (1) the 

vehicle, (2) the road, and (3) the weather (Table1).  

 

Table 1: Input parameters of the model. 

 

Input Type: Source 

Drag coefficient Vehicle (Chowdhury et al., 2013) 

Frontal area of the vehicle (Chowdhury et al., 2013) 

Vehicle and shipment weight (Statistics Canada, 2019)  

Maximum engine power ADVISOR 

The tire  Vehicle, road and weather ADVISOR 

Pavement type Road MTQ private database 

IRI MTQ private-historical survey 

Road grade MTQ private-historical survey 

Speed limit MTQ private database 

Pavement temperature Road and Weather Calculated (Khan et al., 2019) 

The air temperature Weather (CWEEDS, 2021) 

Solar radiation (CWEEDS, 2021) 

Relative humidity (CWEEDS, 2021) 

Wind speed and direction (CWEEDS, 2021) 

 

During each simulation, the variable related to the vehicle and weather stay constant unless the 

nearest weather changes on the simulated route. However, the information related to the road 

varies and come from various sources (Table 1). For the simulation purpose, the road-related 

data are collected and resampled into homogenous segment of 100-m long. Missing pavement-

type data are replaced with the value “asphalt” which is the most common surface in Canada or 

“mix” (concrete covered by a layer of asphalt) for road structures such as overpasses and 

bridges. Missing IRI data are replaced with the average value for the road type and surface. 

Missing road grades are interpolated with the previous and next points. Speed limits are 

assumed to remain constant between the changes in the dataset. 

2.2 Simulation Algorithm 

Figure 2 presents the algorithm used to calculate the speed profile and the energy consumption. 

The algorithm includes a predictive control loop that generates a speed profile mimicking a 

typical driver behavior. It predicts the difference between vehicle speed and the speed limit on 

a certain distance on the simulated route and modify the traction force to remain as close as 

possible to the speed limit. The generation of speed profile is important because the vehicle 

does not always follow the speed limit. For instance, the truck speed can be limited by its engine 

power when travelling uphill. Drivers also tend to accelerate before driving up a steep slope or 

coast ahead of a descent. 

 

Two model parameters define the driver behavior in the model: (1) the prediction time and (2) 

the weight the driver is giving to the events that happen in the predictions. In average, a truck 

driver reacts to an event around 18 seconds in advance (Thijssen et al., 2014). For the controller 

design, it was assumed that at least 50 percent of a driver’s decisions are made on an event that 
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happens before 18 seconds. Consequently, a 60-second prediction time was selected along with 

a normalized exponentially decreasing weighting function with half of its area included within 

the average prediction time (18 seconds). This weighting can be changed to represent different 

driver behavior. By giving more importance to the nearer future, the driver is more aggressive 

as it is forced to react spontaneously to events occurring on the road.  

 

At each simulation time, the driver-algorithm predicts the vehicle’s speed for the duration of 

the prediction time as if the traction force remains constant. The error between the predicted 

speed and the speed target (limit) of the road is calculated for the duration of the prediction. For 

instance, the error will increase if the vehicle accelerates due to a decrease in the road grade or 

to a speed-limit drop. The predictive controller computes a variation in traction force, ΔFt, by 

integrating the error and multiplying the result with the weighting function, wi,: 

 

 
0

( )
pT

t i ri i

i

F K v v w t
=

 = −   (1) 

  

where K is a gain, Tp is the prediction time, vi and vri are respectively the vehicle speed and the 

target speed at the instant i in the prediction, and Δt the controller sampling time. 
 

 

Figure 2: Block diagram of the simulation algorithm where v is the speed of the vehicle 

relative to the wind speed, vr is the target speed (limit) of the vehicle, Wt is the work done 

by the traction force, x is the position of the vehicle, Ft is the traction force of the vehicle. 

 

The algorithm also ensures that the total traction force (sum of actual force and variation) 

follows the physical limits of simulated truck. The power required for the new traction force is 

calculated and compared to the maximum power of the truck to ensure that such force is 

physically possible. If the maximum is reached, the new traction force is limited to the 
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maximum traction force under the simulated conditions. The speed generated by the new 

traction force is also calculated to verify if the truck’s speed respects Quebec (Canada) strict 

speed limit for trucks of 105 km/h. Since 2009, a law imposed the activation of a speed limiter 

at 105 km/h for all trucks equipped with such technology (Ministry of Transportation of 

Quebec, 2009). To reflect the behavior of truck drivers, this 105 km/h limit is used in the 

simulation even though the maximum speed limit on Quebec motorways is ironically 100 km/h. 

To mimic truck maximum torque without simulating the gear system, the acceleration is limited 

at 0.4 m/s2 (Bokare & Maurya, 2017) until the engine power becomes the limit of the 

acceleration.  

 

The distance travelled and the energy consumed by the vehicle computed on a time-based 

interval is resampled into 100 m homogenous segments. To do so, when the vehicles enter a 

new homogenous road segment, the energy consumption of the segment is georeferenced as a 

line and linked to a map. The road properties of the new segment replace the previous segment. 

In any cases, a new loop starts. The complexity level of the vehicle simulation can vary. For 

instance, the vehicle simulation does not model the gear systems but assumes the engine power 

are constant (Minaker, 2019). 

 

The vehicle’s physics modelling/resolution is not detailed in Figure 2 as the model can be 

adjusted to fit the needs. However, the new speed is calculated by solving Newton’s second 

Law on the vehicle: 

 

 ( ) ( )
21

2
t r d w

dv
m F mg c Ac v v

dt
= −  + − −  (2) 

 

Where cd is the drag coefficient, m is the mass, Ft is the traction force, g is the gravitational 

constant, cr is the rolling resistance coefficient, ρ is the air density, A is the frontal area of the 

truck, vw is the relative wind speed and Δ is the road grade. The small-angle approximation is 

used as highway inclination gradient is rarely above 10%. This ordinary differential equation is 

solved using Runge-Kutta method.  

 

Each parameter in the Equation 2 can be constant or calculated by a model during each closed 

loop iteration. In other words, each parameter can be approximated by a more specific and 

detailed model. For the project on rolling resistance commissioned by the MTQ for instance, 

the MapEUR used a relatively complex model to approximate the rolling resistance coefficient 

which needs to be calculated during each iteration loop. This model is detailed in section 2.3 

and some results of the simulations are shown as a case study in section 3. 

 

Another important feature of the MapEUR is that it can display all sorts of results including the 

different results calculated by an incorporated model. For instance, it can save the different 

energy losses (e.g. aerodynamic, rolling resistance), the potential energy, the power used by the 

motor and the total energy consumed by the vehicle.   

2.3 Model of Rolling Resistance   

The rolling resistance model in the MapEUR is divided in three independent categories of 

phenomenon: (1) the viscoelastic deformation of the tire, (2) the road roughness and (3) the 

viscoelastic deformation of the road structure. The last category is often called Structure-



 
 

 

 

 

 7 
 

作者/Author  所属机构/Company or Organization  日期/Date 

Nicolas Samson  Université Laval  4-7 September 2021 

第 16届国际重型车辆运输技术大会 

16th INTERNATIONAL SYMPOSIUM ON  

HEAVY VEHICLE TRANSPORT & TECHNOLOGY 

induced Rolling Resistance (SRR) (Chupin et al., 2013). The total rolling resistance is the sum 

of the contribution of each category.  

 

The effect of tire viscoelasticity on rolling resistance depends on many parameters such as: 

vehicle speed, tire temperature, pressure in the air chamber, tread depth, etc (Sandberg et al., 

2004). For a given vehicle speed, there is a corresponding steady-state tire temperature. As the 

specific aim of this case study is to evaluate the effect of road-induce rolling resistance, we 

supposed that the tire pressure remains constant throughout the year, the vehicle speed does not 

significantly vary. Therefore, the coefficient of rolling resistance related to the tire remains 

constant. The presented model uses a typical rolling resistance value of 0.005 representing a 

modern heavy-vehicle tire (Madhusudhanan et al., 2021).  

 

The road roughness is commonly quantified with the International Roughness Index (IRI). The 

contribution of road roughness to rolling resistance can be estimated with the IRI and the 

waviness number, which is the slope of the power spectral density of the road profile in a 

logarithmic scale (Louhghalam et al., 2015). By representing the dynamic properties of the 

truck with a quarter-car model, it is possible to use the random-vibration theory to estimate the 

root mean square value of suspension motion, which directly corresponds to an increase in 

rolling resistance. For a sprung mass of 34.9 tons and a waviness number of 2.41, the relation 

between roughness rolling resistance force and the IRI is (Louhghalam et al., 2015): 

 

 217.933IRI 3.8984IRI 2.1831IRIF = + −  (3) 

 

Finally, the SRR mainly depends on the pavement material, the foundation of the road, the 

thickness of the pavement and the pavement temperature (Bazi et al., 2020; Chupin et al., 2013). 

For rigid pavement (e.g. concrete), the SRR contribution is almost negligible and is independent 

of experimental conditions. Its value represents approximately 15 N for a 40-ton (40,000 kg) 

truck (Bazi et al., 2020). For a soft pavement (e.g. asphalt), the SRR force of a 40-ton truck is 

defined by an exponential regression on some results interpolated from different sources (Bazi 

et al., 2020; Chupin et al., 2013):  

 

 

0.07682
8.574 9.354

40,000

p

SRR

e
c

g


+

=  (4) 

 

Where Tp is the pavement temperature in °C and g the gravitational constant. Equation 4 

represents a pavement thickness of 0.274 m and a modulus of elasticity of the sub-grade of 

50 MPa.  

 

The pavement temperature was estimated the 24-h model without wind direction developed by 

Khan et al. (2019). It is a regression model based on meteorological and pavement surface 

temperature measurements over one year. The model inputs are the air temperature, the solar 

radiation, the relative humidity and the wind speed. It was assumed that the temperature in the 

pavement was uniform, and rain or snow have no effect on the pavement temperature. 
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3. Case Study Results  

This section presents how the MapEUR can be used through a case study taken from a research 

project with the MTQ (Ministry of Transportation of Quebec, Canada). The aim of this project 

was to assess the effect of pavement type on heavy-vehicle fuel consumption in the context of 

the Canadian climate which varies from -30°C in winter to 30°C in summer. These significant 

temperature variations affect the viscoelastic properties of the pavement and therefore can play 

a significant role in the fuel consumption of heavy vehicles. 

 

The presented results show a preliminary evaluation of this effect on the structure-induced 

rolling resistance (SRR) and heavy-vehicle fuel consumption over a year. To do so, we have 

simulated the journey of a typical truck travelling the same route once a week for one year. 

Each simulation used the weather data of Wednesday 14h00 (taken arbitrarily) from September 

2019 to October 2020. The vehicle properties are the following: a maximum power at the wheel 

of 335 kW (450 hp), a gross mass of 38,000 kg, a frontal area of 8.6 m2, a drag coefficient of 

0.7 and an average efficiency of 39%. The route presented was selected because there is an 

interesting variation of road grade, IRI, pavement and speed limits. 

3.1 The Average Speed Profile over a Year  

Figure 3 presents the speed profile generated by the algorithm. The speed profile changes with 

the variation of the road grade. For example, when the road grade varies between -2% and 2%, 

the vehicle speed varies between 100 km/h and 105 km/h. The effect of the predictive controller 

can be seen at 17 km where the vehicle accelerates above the speed limit before an important 

road grade. The speed then decrease due to the slope that averages an inclination gradient of 

4.8% over 1 km, which represents a normal behavior for the modeled truck (Lan & Menendez, 

2003). Another example where the algorithm anticipates a speed-limit change is at around 

75.5 km where vehicle’s speed decreases almost 2 km before a highway exit where the speed 

limit goes from 105 km/h to 55 km/h. 

 

The anticipation of the driver model is also visible in Figure 3 b) where the power decrease 

before a downhill to limit the acceleration (e.g. at 17 km). Note that a negative percentage of 

the maximum power used represent the power used for braking. For downhills below -2% of 

slope, the truck power tends to be negative. This is normal considering the law in Quebec 

(Canada) that forces the truck that have a speed limiter to activate it at 105 km/h. The speed 

limiter incorporated in the model can be adjusted to fit the regulation of the simulated road. 

Note that the driver only uses its brake when he needs to brake more than the engine-retarder 

system can. For the modelled truck, the engine-retarder system can break up to half the motor 

power as it require a motor torque of 600 N with a gear ration of 4:1 (Ye et al., 2011). With that 

information, the driver only brakes in the middle of long slopes. When the gradient increase, 

more power is used by the truck to fight that gradient. The only places the truck is at maximum 

power is just before or during the climbing of a steep slope. The highest fuel consumption was 

133 L/100km at the end of the 1-km slope that averages 4.8%. During this climb, the fuel 

consumption continued to increase as the speed decreased while using maximum power. The 

average fuel consumption of whole the journey was 34.7 L/100 km.  
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Figure 3: a) Speed profile of a typical semitrailer truck with a maximum power of 335 kW, 

a gross mass of 38,000 kg, a frontal area of 8.6 m2, a drag coefficient of 0.7 on the simulated 

route near Quebec City; b) Percentage of the maximum motor power used and vehicle 

fuel consumption during the simulated route. 

3.2 The Mapped Energy Consumption 

One of the main purposes of the MapEUR is to display the data shown in Figure 3 directly on 

a map to help the policy and decision makers to understand what is happening on their roads. 

A typical map is presented in Figure 4. This figure shows for instance that the highest energy 

density is during the 1-km slope at 18 km. With that knowledge, a company could decide to 

locate their distribution centre in a sector that avoid this slope, or logistic operators could try to 

find a slighly longer route that avoid that slope in order to reduce its fuel consumption. Policy 

makers could also select the best location to place and test different electrification solutions for 

highways. The figure also shows that the lowest consumption of energy are when the vehicle is 

going down a slope at the speed limit (at 6 km) or when the speed is reduce to 55km/h as the 

drag becomes significantly less important (at 75 km). Another interesting piece of information 

provided by the map, is that it can predict the maximum speed of different truck on higway 

slope and identify all the existing slopes that need to be evaluated for the addition of slow-

climbing lanes in order to reduce trafic jams 
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Figure 4 : Average speed profile and average energy consumption of all 52 simulations 

with a 38,000-kg truck with a frontal area of 8.6𝑚2, a drag coefficient of 0.7 and a 

maximum power of 335 kW. 

4. Discussion and Future Works 

The presented algorithm calculates the energy of a vehicle's route by calculating the speed 

profile of that vehicle. The driver model used in the algorithm can anticipate future events like 

steep slopes by accelerating before climbing them. It also start reducing its speed a few 

kilometers before a drastic change of speed limit (105 km/h to 55km/h) as would a normal driver 

do. The algorithm reproduced well the reduction of speed when a truck climbs a long and steep 

slope. The driver model keeps most of the time the vehicle speed near the simulated speed limit. 

The speed profile generated by the algorithm reprents well a typical heavy-vehicle drive cycle. 

A probabilist approach needs to be used to improve the statistical significance of the model 

where different driver behaviors (more and less predictive) can be modelled. This level of 

modeling based on real data analysis will be part of future works on the MapEUR. 

 

For the simulated route, the average consumption over the year was 34.7 L/100 km which is 

representative of typical trucks (Nylund & Erkkilä, 2005). In addition, the drag losses, the 

rolling resistance energy losses and the constant engine efficiency have been validated with 

ADVISOR (T. Markel et al., 2005). As computing speed is critical for the MapEUR, it is not 

expected to include an engine map and gear-shifting model. The constant efficiency hypothesis 

will be keep but improve in future works by statistically including the efficiency variation based 

the vehicle mass and type. 
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Presenting the results directly on a map can help people less familiar with vehicle physics to 

understand and analyse the implication of the road network on fuel consumption. The map helps 

to identify and quantify the highest energy density sectors of a road network. That 

functionnality gives the MapEUR a myriad of usages based on the different simulated scenarios. 

The MapEUR can also evaluate the climate impact by simulating and comparing the energy 

consumption of different times of the year. It can also evaluate the total consumption of a certain 

period of time by simulating the different vehicles. These last two functionnalities could help 

policy makers establish new policies designed for different times of the year to reduce GHG 

emissions.   

 

The traffic is not completly incorporated in the model yet. The traffic will be modelled by using 

a Monte-Carlo Simulation with different truck archetypes, different time of the year, different 

weather based on statistical data, and different driver behaviours. It will also include the 

likeliwood of traffic slowing down or jamming for different roads and moment of the day. The 

Monte-Carlo analysis will represent a more accurate picture of the heavy-vehicle energy 

consumption as it will consider the different types of heavy-vehicle, the traffic, and the weather.  

5. Conclusion 

The MapEUR models energy consumption of trucks based on their specific speed profile. The 

speed profile is generated with a driver model that anticipates variations of speed limit and road 

grades. The results are presented directly on a road map. These energy maps are easy to 

understand, and they can help policy makers to analyze the impact of green technologies on 

vehicle emissions. The vehicle, road and weather statistics are available for the major roads in 

the province of Quebec in Canada which enable a relatively accurate estimation of truck GHG 

emissions with a maximum error of 3.6% for a truck modeled on highway when compared to 

the results of ADVISOR (T. Markel et al., 2005). The weather database used in the MapEUR 

enables an analysis of the impact of the climate on fuel consumption. The modularity of the 

tool structure enables to change the underlying hypothesis and analyze specific parameters of 

vehicle physics. For example, a complex rolling-resistance model based on pavement type and 

the weather was added to the simulation for a study commissioned by the MTQ to evaluate the 

impact of different road pavement surfaces on energy consumption. The tool can be adapted to 

the precision required to analyze different decarbonizing solutions and strategies. In the future, 

traffic modelled based on Monte-Carlo simulations will be used to quantify the energy 

consumed by a road over a year.  
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